Abstract A salient feature of neurons is their intrinsic ability to grow and extend neurites, even in the absence of external cues. Compared to the later stages of neuronal development, such as neuronal polarization and dendrite morphogenesis, the early steps of neuritogenesis remain relatively unexplored. Here we showed that redistribution of cortical actin into large aggregates preceded neuritogenesis and determined the site of neurite initiation. Enhancing actin polymerization by jasplakinolide treatment effectively blocked actin redistribution and neurite initiation, while treatment with the actin depolymerizing agents latrunculin A or cytochalasin D accelerated neurite formation. Together, these results demonstrate a critical role of actin dynamics and reorganization in neurite initiation. Further experiments showed that microtubule dynamics and protein synthesis are not required for neurite initiation, but are required for later neurite stabilization. The redistribution of actin during early neuronal development was also observed in the cerebral cortex and hippocampus in vivo.
Introduction
A key characteristic of neurons that distinguishes them from other cell types is their ability to grow and extend neurites, small protrusions or processes initiating from the cell body and extending up to one meter. The ability to extend long and extensive neurites not only morphologically distinguish neurons from other cell types, but also endows them with unique physiological functions, including the ability to reliably transfer electrical signals over long distances, the capacity to integrate information from multiple sources, and the capability to build expansive and intricately connected networks. None of these functions, all hallmarks of neurons, could be achieved without neurite formation.
Classical live imaging studies using cultured neurons have divided neuronal morphogenesis into the following 5 stages: (1) initially, sphere-like neurons develop circumferential lamellipodial and/or filopodial structures shortly after birth or after being plated in culture; (2) the lamellipodia protrude forward, and stable filopodia grow into short, immature neurites; (3) one of the several short neurites develops a large growth cone and rapidly elongates into the axon, thereby establishing neuronal polarity; (4) axons and dendrites differentiate, grow, and branch rapidly; and (5) neurons make synaptic connections, develop dendritic spines, and establish neuronal circuits [1, 2] . These processes, initially described for cultured embryonic hippocampal neurons, have since been generalized to multiple neuronal types both in vitro and in vivo, with the important difference that in the in vivo context, Shu-Xin Zhang and Li-Hui Duan have contributed equally to this work.
neuronal morphogenesis occurs concurrently with migration [3] [4] [5] . Over the past several decades, studies have mostly focused on the molecular mechanisms underlying the later stages of neuronal morphogenesis, including those mediating polarization [6] [7] [8] [9] , dendrite morphogenesis [10] [11] [12] [13] [14] [15] [16] , synaptogenesis [17] [18] [19] [20] , and spinogenesis [21] [22] [23] [24] .
Compared to our understanding of the mechanisms mediating the later stages of neuronal morphogenesis, much less is known regarding its earlier stages, especially how a neuron reshapes itself from a spherical, apparently symmetrical cell, to one extending multiple neurites [25] [26] [27] . The process of neuritogenesis, or neurite formation, is temporally and mechanistically interwoven with that of neuronal polarization, and also with neuronal migration in vivo, as these processes often occur concurrently or sequentially, depending on the cell type. For instance, retinal ganglion cells inherit their apico-basal polarity from the retinal neuroepithelium and develop dendrites and axons respectively from their apical and basal processes, thereby completing the process of polarization at the two-neurite stage or arguably even before neurite initiation [5, 28] . Neocortical pyramidal neurons, on the other hand, undergo a multipolar stage shortly after birth, before becoming bipolar again during radial migration, with a leading dendrite and a trailing axon [29, 30] ; additional dendrites grow after the neuron has migrated to its designated location in the neuronal circuit.
Mechanistically, neuritogenesis has been proposed to occur via two possible and non-mutually exclusive mechanisms [26, 27, [31] [32] [33] . In the convergent elongation model, circumferential lamellipodia collapse at discrete positions and concurrently extended at others, resulting in nascent growth cones that subsequently develop into neurites. This model emphasizes the molecular attachmentand-detachment of lamellipodia to their substratum. In the alternative de novo filament formation model, a single filopodium gives rise to a neurite in the absence of discernable lamellipodial protrusions. This model focuses more on internal molecular structural building. Both mechanisms require a break of symmetry in the initially spherical cell body and the formation of an actin-rich filopodium from the cell body, followed by microtubule entry and broadening of the filopodium into a neurite. Earlier work on the mechanism of neurite formation also suggested an important role of microtubule-associated proteins (MAPs) by demonstrating that over-expression of MAP2c in hepatoma cells, in conjunction with pharmacological actin depolymerization, induced the formation of neurite-like structures [34] . Consistently, antisense depletion of MAP2 inhibited neurite initiation [35] . However, other work showed that contact-induced neurite formation in sympathetic neurons still took place in the presence of microtubule stabilizing/destabilizing pharmacological agents [36] , and that neurite initiation still occurred in mice double knockout for MAP2 and MAP1B [37] , suggesting alterative/redundant mechanisms for neurite initiation. Based on the ability of MAPs to interact with actin, coordination between the two cytoskeletal structures has been proposed to mediate neurite initiation [38, 39] . Similarly, other proteins with the ability to interact with both actin and microtubules have been proposed to play important roles during neurite initiation [26, 27, 32] .
As for the role of the actin cytoskeleton, although earlier work suggested that the actin depolymerizing drug cytochalasin D did not inhibit neurite formation in chick dorsal root ganglia neurons [40] , more recent studies have demonstrated a critical role of the Ena/Mena/VASP family of proteins (abbreviated as Ena/VASP) in neurite formation [41, 42] . Ena/VASP proteins regulate actin dynamics by antagonizing actin filament capping and promoting filament bundling [43, 44] . In mice lacking all three Ena/VASP proteins, cortical neurons lacked filopodia and failed to initiate neurites, a process that can be rescued either by over-expression of the actin nucleating protein mDia2 or by plating neurons on the filopodia-promoting laminin substrate [41] . In another recent study, the actin depolarizing factor (ADF)/Cofilin family, which depolymerizes and severs actin filaments [45, 46] , was shown to promote neurite formation by driving actin retrograde flow and thereby allowing microtubule protrusion [47] . Similarly, polarized actin dynamics has been shown to mark the site of first polarization in round cells [48] .
Together, recent work points to a predominant role of the actin cytoskeleton, rather than microtubules, in neurite initiation, with different studies emphasizing either a requirement for actin polymerization or severing. Since the actin studies were carried out using mice with different genetic deletions, and the earlier microtubule studies were performed using peripheral neurons or cell lines, to better understand the relative contribution of the different cytoskeletal components, it is critical to perform all experiments side-by-side in the same culture system. Here, taking advantage of the extensive and well-characterized pharmacological agents available for manipulating cytoskeletal dynamics, we systematically examined the role of the actin cytoskeleton and microtubules in neurite initiation. Using these results, together with those of live-imaging studies and in vivo examinations, we provide a more detailed description of the process of neurite initiation.
Materials and Methods

Hippocampal Neuronal Cultures
All animal procedures were approved by the Animal Care and Use Committee of the Institute of Neuroscience, Chinese Academy of Sciences (Shanghai, China). High-density mixed neuronal-glial cultures were prepared from SpragueDawley rat pups on postnatal day 0 (P0) as previously described [49, 50] . Briefly, hippocampi, with the dentate gyri removed, were dissected, and dissociated neurons were plated on glass coverslips (63- For dentate granule cell cultures, only the dentate gyrus was cultured, and Prox 1 immunostaining was used to confirm the identity of the granule cells.
Confocal Microscopy and Structured Illumination Microscopy (SIM)
Confocal images were acquired on one of the following confocal microscopes and objectives: LSM5 (Carl Zeiss, Oberkochen, Germany) with a 639 oil immersion Plan- SIM was performed on an N-SIM microscope (Nikon, Tokyo, Japan), with the CFI Apochromat TIRF 1009 oil objective (N.A. = 1.49) and an Andor iXon3 897 EMCCD camera.
Live Cell Imaging
Live imaging experiments were carried out on a Nikon A1R confocal microscope with a Plan Apo VC 609 oil DIC objective (N.A. = 1.4). Imaging sessions started one hour after plating neurons on 35-mm glass-bottom dishes (043520B; Hangzhou Shengyou Biotechnology, Hangzhou, China). The environment was maintained at 37°C and in 5% CO 2 with a Stage Top incubator (Tokai Hit, Fujinomiyashi, Japan). Images were acquired hourly with the aid of a motorized stage to mark the position of individual cells.
In Utero Electroporation
Timed-pregnant Sprague-Dawley rats were anesthetized with 3.5 mL/kg of 12% chloral hydrate, and the uterus was carefully exteriorized from the abdominal cavity. Warm saline was used throughout the experiment to prevent dehydration. The lateral ventricles of E15.5 embryos were injected with 2 lL Qiagen Maxiprep DNA and Fast Green dye using a pulled micropipette. The following plasmids were used: pCMV-LifeAct-TagRFP [51] (3 lg/lL; 60102, ibidi GmbH, Martinsried, Germany), GFP-actinin [52] (3 lg/lL), tdTomato [53] (0.5 lg/lL; 22478, Addgene, Cambridge, MA; originally named FUtdTW), and pCS2 min-GFP [49] (1 lg/lL). Forceps-type electrode paddles controlled by an ECM 830 electroporator (BTX Instrument Division, Harvard Apparatus Inc, Holliston, MA) were used to deliver 5 pulses at 60 mV with 50 ms duration at 100 ms intervals. For live imaging experiments, the electroporated cortical hemisphere from P0 pups was cultured. To visualize GFP-actinin localization in brain slices, immunohistochemistry was carried out as previously described [54] . GFP antibody was used to enhance the GFP-actinin signal.
Antibodies
The following antibodies were used: class III b-tubulin (Tuj 1, 1:5000, mouse; G7121, Promega, Madison, WI), GFP (1:1000, Rabbit; A11122, Thermo Fisher Scientific, Waltham, MA, USA), Prox1 (1:1000, rabbit; PRB-238C, Covance, Princeton, NJ). Alexa Fluor 488, 568, or 633 secondary antibodies (Thermo Fisher Scientific) and Alexa Fluor 488, 568 Phalloidin (Thermo Fisher Scientific) were used at 1:1000. Neurons were fixed in 4% PFA for 20 min, permeabilized, and processed for immunocytochemistry according to the standard protocol.
Pharmacological Agents
Jasplakinolide (J7473, Thermo Fisher Scientific), latrunculin A (L5163, Sigma-Aldrich), cytochalasin D (C8273, Sigma-Aldrich), nocodazole (M1404, Sigma-Aldrich), paclitaxel (P3456, Thermo Fisher Scientific) and cycloheximide (C4859, Sigma-Aldrich), were dissolved in DMSO. The control of each experiment was the vehicle used to dissolve the drug. If multiple concentrations were used, the vehicle of the highest concentration drug condition was the control. All pharmacological treatments were compared to vehicle control from the same culture preparation.
Image Analysis
For all morphological analyses, images were coded using a computer-generated random number sequences at the time of data acquisition, and all analyses were performed blinded to the experimental condition. All images were analyzed as acquired with no post-acquisition modifications. Only protrusions immune-positive for Tuj 1 and at least 2 lm in length were considered to be neurites. For fluorescent image and western blot examples, brightness/contrast adjustment within linear ranges and across the entire image were made using ImageJ (NIH, Bethesda, MD) when necessary.
To analyze the GFP-actinin levels in brain slices, the segmented line selection tool of ImageJ was used to draw a line along the circumference of the cell. The selected line was then straightened and divided into 36 equal sections (each section = 10 degrees). GFP-actinin intensity in each of the 36 sections was measured and normalized to that of tdTomato. Quantified data were presented as a 3D heat map, generated using the MatLab (MatLab R2010a, MathWorks, Natick, MA) surf function, each line representing one neuron. Three-dimensional reconstructions were made using Imaris (v8.1.2, Bitplane, Zurich, Switzerland).
G-actin/F-actin Ratio Assay and Western Blotting
The ratio of G-actin to F-actin was measured using the G-actin/F-actin In Vivo Assay Biochem Kit (BK037, Cytoskeleton Inc. Denver, CO), according to the manufacturer's instructions. Briefly, neurons were lysed in F-actin stabilizing buffer and centrifuged for 5 min at 350 g to remove cell debris. F-actin was then pelleted by centrifugation at 100,000 g and 37°C for 1 h, a process during which G-actin remained in the supernatant. F-actin was then re-suspended in F-actin destabilizing buffer on ice, by frequent pipetting. The G-actin and F-actin fractions were then mixed with 59 SDS sample buffer and boiled, run on SDS-PAGE, and immunoblotted for actin (1:10,000, mouse; MAB1501, Millipore, Billerica, MA). Images were quantified using ImageJ as previously described [55] .
Statistical Analysis
For morphological data, statistical analyses were carried out using unpaired two-tailed Student's t test (for sample pairs) or one-way ANOVA (for groups of three or more conditions) followed by Dunnett's multiple comparison test. Statistical analyses of neuronal stage percentages and Western blots were carried out using two-way ANOVA followed by Bonferroni post-tests. For live-imaging experiments, paired t tests were used. Results are shown as mean ± SEM, and n refers to the number of cells unless otherwise indicated. All conditions statistically different from control are indicated. *P \ 0.05; **P \ 0.01; ***P \ 0.001.
Results
Neurite Initiation Occurs at the Site of Actin Aggregation
To examine the cytoskeletal mechanisms underlying neurite initiation, we first characterized the time course with which hippocampal neurons in our culture system developed. We fixed neurons at various times after plating and used the F-actin binding compound phalloidin to label actin filaments, and an antibody against neuron-specific class III b-tubulin, Tuj 1, to label microtubules and to distinguish neurons from glial cells. We found that freshly-plated neurons were mostly spherical in shape and displayed a thick layer of F-actin directly underneath their surface membrane (Fig. 1A, 0 .5 h). Tuj 1 immunostaining was also evenly distributed underneath the cell membrane, and at a slightly lower level, throughout the cytoplasm (Fig. 1A , 0.5 h). Within the next few hours of development, large actin aggregations began to appear at one or both ends of the cell (Fig. 1A, 6 h), a characteristic that was clearly visualized using SIM (Fig. 1B, C) . At later time points, such as 18 h after plating, neurons displayed one or more Tuj 1-containing neurites tipped by F-actin-rich growth cones (Fig. 1A, 18 h ). At all time points examined, Tuj 1 redistribution lagged that of F-actin. Thus, our results, consistent with those of recent publications [41, 47, 48] , suggest a more critical role of the actin cytoskeleton than of microtubules, in neurite initiation.
To further investigate dynamic changes in F-actin during neurite initiation, we electroporated rat cortical neurons in utero with Lifeact-RFP, a red fluorescent protein (RFP)-tagged peptide with high affinity for F-actin [51] . Cultures were subsequently prepared from the P0 cortices of electroporated pups and live-imaged shortly after plating. On initial attachment to the substrate, neurons were spherical in shape, with a thick halo of Lifeact-RFP underneath the cell membrane (Fig. 1D, 0 h ). In the ensuing several hours, however, Lifeact-RFP began to aggregate at one location beneath the cell surface (Fig. 1D, 3 h and 6 h), a process that usually preceded neurite initiation (Fig. 1D, 7 h ). Quantitation of live imaging experiments using three independent culture preparations showed that in 78.5% of cultured neurons, Lifeact-RFP aggregation(s) were observed prior to neurite initiation (Fig. 1E ). In the other 21.5% of cases, neurites were formed without detectable Lifeact-RFP aggregation in the previous imaging frame (Fig. 1E) , either because actin did not aggregate or because it occurred during the one-hour window between imaging sessions. Based on the above static and dynamic images from our own study, and working within the framework of the 5 stages of neuronal morphogenesis [1] , we subdivided the previously described stage 1 into stages 1a and 1b, with cells in the former stage having a relatively evenly distributed and thick actin cortex, and cells in the latter stage having one or two large actin aggregations (Fig. 1F) . Stage 2 is as previously described, with one or two short Tuj 1-containing neurites extending from the cell body.
To determine if the appearance of actin aggregations prior to neurite initiation was a general feature of multiple cell types, we also immunostained hippocampal granule cells with phalloidin and Tuj 1, and found phenotypes and time courses of development very similar to hippocampal CA1 neurons. Specifically, we found that shortly after plating, neurons displayed a uniform actin cortex directly underneath the membrane (Fig. 1G, 0 .5 h), while at 6 h after plating, neurons exhibited one or two actin aggregations and began to form short neurites (Fig. 1G, 6 h ). By Three independent experiments, consisting of 75 neurites from 62 neurons, were quantified (paired two-tailed ttest P \ 0.05). F Schematic of Stages 1a, 1b, and 2 of neuronal development. G Representative images of cultured rat dentate granule neurons at different developmental stages. Prox 1 is a granule neuronspecific marker (labelled with Alexa-633, blue in merge). Scale bars, 10 lm in all images.
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18 h after plating, the first two neurites were typically formed, with actin growth cones at the tips of Tuj 1 immuno-positive neurites (Fig. 1G, 18 h ).
Actin Stabilization Prevents Neurite Initiation
Our immunocytochemistry and live imaging results clearly demonstrated the presence of a thick actin cortex in newlyplated neurons prior to the formation of one or two large actin aggregations and neurite initiation from these sites. Is a breakage of symmetry in the initial actin cortex a prerequisite for neurite initiation? To test this, we treated newly-plated neurons with different concentrations of jasplakinolide, a cell-permeable actin polymerizing and stabilizing drug. We found that 100 nmol/L or 1 lmol/L jasplakinolide significantly inhibited neuronal morphogenesis, while the lower concentration of 10 nmol/L did not have significant effects. At 6 h post-plating, all neurons in control cultures had entered either stage 1b or stage 2, while neurons treated with 100 nmol/L or 1 lmol/L jasplakinolide were mostly stuck in stage 1a, with only a small proportion of cells entering stage 1b ( Fig. 2A, B) . By 18 h after plating, all control neurons and those treated with 10 nmol/L jasplakinolide had reached stage 2, while those treated with higher concentrations of jasplakinolide had not significantly changed from their state at 6 h postplating, still mostly stalled in stage 1a ( Fig. 2A, B) . The number of neurites (immuno-positive for Tuj 1) was also significantly reduced in neurons treated with 100 nmol/L or 1 lmol/L jasplakinolide, at both 6 and 18 h post-plating (Fig. 2C) . In fact, while control neurons exhibited on average one neurite at 6 h post-plating and 3 neurites at 18 h post-plating, only 25% of neurons treated with 100 nmol/L or 1 lmol/L jasplakinolide had 1 neurite at 6 h post-plating and by 18 h post-plating, most jasplakinolidetreated neurons still did not extend neurites (26/40 cells for 100 nmol/L and 14/20 cells for 1 lmol/L; Fig 2A-C) .
Actin Depolymerization Promotes Neurite Outgrowth
Having demonstrated an inhibitory role of actin stabilization in neurite initiation, we next tested the role of actin depolymerization, using latrunculin A, a pharmacological agent that disrupts F-actin formation by binding to globular actin (G-actin) at 1:1 stoichiometry. At 25 nmol/L, latrunculin A did not significantly affect the course of neuronal morphogenesis (Fig. 3A-C) . Interestingly, treatment with higher concentrations, 250 nmol/L or 2.5 lmol/ L, significantly accelerated neuronal morphogenesis, as almost all cells reached stage 2 by 6 h in culture, as compared with 75% in control cultures. The number of neurites was also significantly increased in neurons treated with latrunculin A (Fig. 3A-C) .
To confirm these results, we treated neurons with cytochalasin D, an actin depolymerizing agent that binds to F-actin and prevents its further elongation. The results were very similar to those of latrunculin A treatment, in that a low concentration (100 nmol/L) of cytochalasin D had no significant effect, while higher concentrations significantly accelerated neuronal morphogenesis and increased neurite number at 6 h post-plating (Fig. 3D, E) .
Thus, using two actin depolymerizing agents with different mechanisms of action, we demonstrated that the acceleration of actin depolymerization promoted neuronal morphogenesis and neurite formation. An intriguing question arising from the above results is that if actin depolymerization is sufficient for promoting neurite initiation, why did we observe actin aggregates prior to neurite initiation ( Fig. 1) ? To address this issue, we biochemically assayed the ratio of G-actin to F-actin in control neurons, as well as those treated with jasplakinolide or latrunculin A. In neurons treated with 100 nmol/L jasplakinolide, only F-actin was detectable (Fig. 4) , suggesting that all actin molecules were effectively polymerized. In neurons treated with 2.5 lmol/L latrunculin A, on the other hand, although a significant increase in the G/F-actin ratio occurred following 6 h of treatment, high levels of F-actin were still present at both 6 and 18 h post-treatment (Fig. 4) . Thus, even though latrunculin A promoted actin depolymerization, there was still sufficient F-actin left for marking the site of neurite initiation. These results are consistent with a critical role of actin dynamics, and specifically the formation of large actin aggregations, in neurite initiation.
Microtubule Dynamics Is Required for Neurite Extension
The extension of microtubules into actin-rich filopodia is a fundamental ''next'' step in neurite formation. Indeed, in our neuronal cultures, neurites emerging from large actin aggregations were Tuj 1 immuno-positive. To test the requirement for microtubule dynamics in neurite morphogenesis, we treated neurons with paclitaxel, a pharmacological agent that promotes the assembly of microtubules into stable, aggregated structures. In neurons treated with either 60 nmol/L or 6 lmol/L paclitaxel, neuritogenesis was decelerated to some degree, in that at 6 h, 27.5% of control neurons (11/40 cells) were at stage 1b, as compared with 62.5% or 66.7% of neurons (25/40 or 26/39 cells) treated with 60 nmol/L or 6 lmol/L paclitaxel, respectively (Fig. 5A, B) . By 18 h post-plating, neurons under all treatment conditions reached stage 2 (Fig. 5A, B) . This is in contrast to the effect of jasplakinolide treatment, where many neurons were still stalled in stage 1a by 18 h (Fig. 2B) . Paclitaxel treatment also significantly reduced the number of neurites (Fig. 5C) .
We next tested the effect of nocodazole, a microtubule destabilizing and depolymerizing agent. At 30 nmol/L, nocodazole did not significantly affect neuronal morphogenesis or neurite number (Fig. 5D, E) . At the higher concentration of 3 lmol/L however, the proportion of neurons arrested at stage 1b increased at 6 h post-plating . Neurons were stained with Alexa-488 phalloidin (green in merge) and anti-Tuj 1 antibody (Alex-568, red in merge). Scale bar, 10 lm. B, C Quantification of neuronal developmental stages (B) and neurite number (C). n = 40 neurons for the Ctrl and 100 nmol/L jasplakinolide groups and 20 neurons for the other groups. In (B), the neuronal developmental stage distributions in Ctrl and 100 nmol/L jasplakinolide were significantly different both at 6 h (stage 1a ***, stage 1b **, stage 2 ***) and 18 h (stage 1a ***, stage 1b n.s., stage 2 ***) by two-way ANOVA, followed by Bonferroni post-tests (same statistical test used in all subsequent neuronal developmental stage quantification). In (C) , ***P \ 0.001 for the 100 and 1000 nmol/L jasplakinolide conditions, at both 6 and 18 h by one-way ANOVA, followed by Dunnett's multiple comparison test (same statistical test used in all subsequent neurite number or length quantification). In this and all subsequent images, error bars indicate s.e.m., *P \ 0.05, **P \ 0.01, ***P \ 0.001, n.s.: P [ 0.05. and was strikingly different at 18 h post-plating, where 50% of neurons (20/40 cells) had not yet reached stage 2, as compared to all cells completing this process in the control group (Fig. 5D ). The number of neurites was also significantly reduced in neurons treated with 3 lmol/L nocodazole (Fig. 5E ). We note that some nocodazoletreated neurons had multiple filopodial-like processes that were F-actin rich, but lacked Tuj 1 immunostaining, as if they had attempted to initiate multiple processes in the absence of microtubule invasion (Fig. 5A) . These results, combined with those of paclitaxel treatment, demonstrate an important role of microtubule dynamics and/or function in regulating neurite morphogenesis, especially during the transition from stage 1b to stage 2, but not for that from stage 1a to 1b.
Protein Synthesis is Not Required for Neurite Initiation
In the above experiments, we showed that neurite morphogenesis initially required significant reorganization of the actin cytoskeleton, and at later stages, also changes in microtubules. Are these morphological changes mediated solely by rearrangements of existing proteins or do new proteins need to be synthesized? To test this, we treated neuronal cultures with the protein synthesis inhibitor cycloheximide (50 mg/mL). At 6 h and 18 h, neuronal development was not significantly affected (Fig. 6A-C) , while at 18 h neurite number was significantly lower in cycloheximide-treated neurons (Fig. 6C) . Thus, protein synthesis is specifically required for the later microtubuledependent stages of neuritogenesis. Consistently, cycloheximide treatment did not significantly affect the G/Factin ratio (Fig. 4) .
Actin Dynamics during Cortical and Hippocampal Development In Vivo
Having demonstrated an early role of actin dynamics in early neuritogenesis during the transition from stage 1a to stage 1b, and a later effect of microtubules and protein synthesis in the transition from stage 1b to stage 2, we next asked if redistribution of the actin cytoskeleton also occurs in vivo. In both the cerebral cortex and hippocampus, neurons are born in the ventricular zone (VZ) and then migrate respectively to the cortical plate (CP) and stratum pyramidale (SP) [56, 57] , with the net effect that neurons in the VZ/subventricular zone (SVZ) region are less mature than those in CP or SP. We thus in utero electroporated GFP-actinin, which binds to and crosslinks F-actin [52] , together with cytoplasmic tdTomato, in E15.5 rat embryos and examined the F-actin distribution in neurons of the VZ/ SVZ and CP/SP regions in E18.5 embryos. Consistent with our results in cultured neurons, we found that neurons in the VZ/SVZ regions of the cerebral cortex and CA1 hippocampus all had a thick layer of GFP-actinin surrounding the cell body, while those in the CP and SP had no detectable GFP-actinin fluorescence surrounding the cell body (Fig. 7A, B) . In terms of both developmental stage and neurite number, neurons in the CP and SP regions were more mature than those in the VZ/SVZ (Fig. 7C, D) . Measuring GFP-actinin intensity along the circumference of each neuron's soma, normalized to that of tdTomato, we found significantly higher levels of GFP-actinin in immature neurons in the VZ/SVZ region, compared with more mature neurons in the CP and SP regions (Fig. 7E, F) . These findings were further confirmed by in utero electroporation of Lifeact-RFP, the high-affinity F-actin binding protein we used in the earlier live imaging experiments. Here, we also three-dimensionally reconstructed the neurons that we imaged to ensure that all processes extending from the cell body were visualized (Fig. 7G) . Consistent with our GFP-actinin results, neurons in the CP region were more mature and had more neurites than those in the VZ (Fig. 7G-I) .
Discussion
In the present study, through a combination of pharmacological and live-imaging approaches, we subdivided the process of neuritogenesis into two steps: (1) redistribution of cortical actin into one or two large actin aggregates (stage 1b); and (2) neurite extension from the sites of actin aggregation and growth of Tuj 1-filled neurites (stage 2). We further demonstrated a critical role of actin depolymerization and redistribution in the transition from stage 1a to 1b, and a requirement for microtubule dynamics and protein synthesis in the transition from stage 1b to stage 2.
Together, these results demonstrate an orderly sequence of events and requirement for different physiological factors during early neuritogenesis.
In the context of existing work investigating the role of the actin and microtubule cytoskeleton in neuritogenesis, we believe that our study makes the following contributions to the field. First, by examining the effects of actin and microtubule stabilizing and destabilizing agents on neuritogenesis, and using each agent over multiple concentrations to assess their dosage effect, we provide a systematic study of the relative contributions of actin and microtubules to neurite formation. These results complement those of previous studies using molecular tools to investigate the role of the actin cytoskeleton in neuritogenesis [41, 47, 48] . Our subdivision of stage 1 into stages 1a and 1b helps to clarify the need for both actin depolymerization and actin polymerization in neurite initiation (Figs. 1, 2, 3 and 4) . These results were further confirmed in vivo using two F-actin binding probes, Actinin-GFP and Lifeact-RFP (Fig. 7) .
Second, in terms of microtubule dynamics, we showed that this was specifically required for the formation of stable neurites during the transition from stage 1b to 2. Here, dynamics is the key, as microtubule stabilization with paclitaxel or depolymerization with nocodazole both resulted in reduced neurite numbers (Fig. 5) . The difference between the two drug treatments is that neurons treated with paclitaxel (6 lmol/L, Fig. 5A ) had large-diameter neurites, while those treated with nocodazole (3 lmol/L, Fig. 5A ) extended many thin filopodia lacking A Representative images of neurons treated with vehicle (Ctrl) or 50 mg/mL cycloheximide (Chx) for 6 h or 18 h. Neurons were stained with Alexa-488 phalloidin (green in merge) and anti-Tuj1 antibody (Alex-568, red in merge). Scale bar, 10 lm. B, C Quantification of neuronal developmental stages (B) and neurite number (C) at 6 or 18 h. In (B), the Chx condition was n.s. relative to Ctrl at 6 or 18 h. n = 40 neurons in each group. ***P \ 0.001, unpaired two-tailed t test. Tuj 1 immunostaining, as if they keep attempting to extend more processes in the absence of stabilized ones. Since microtubules, in addition to their cytoskeletal functions, are also critical for polarized cargo transport along neurites, some of the effects observed may also be attributed to the cargos carried along microtubules by associated motor proteins [58] [59] [60] .
Finally, by examining the role of protein synthesis in neuritogenesis in the same culture system as actin and microtubule dynamics, we demonstrated that protein synthesis was strictly required for microtubule-dependent neurite extension during the transition from stage 1b to stage 2, but not during actin-dependent neurite initiation during the transition from stage 1a to 1b.
Our results, together with those of previous studies [41, 47, 48] , pose the next interesting question, namely, what signal initiates the formation of actin aggregations? Since actin aggregations form within the cell and at physical locations close to the cell membrane, they could either be initiated by intrinsic, membrane-associated cues, or extracellular cues that signal via transmembrane receptors. Based on previous studies on related physiological processes, several classes of candidate molecules come into view. (1) Extracellular cues or neurotrophic factors: the guidance molecule semaphorin 3A has been shown to promote the formation of the apical dendrite in pyramidal neurons [69] , while brain-derived neurotrophic factor has been shown to promote axon differentiation and dendrite growth [70, 71] . (2) Cell adhesion molecules: N-cadherin has been reported to be asymmetrically distributed during early neuronal development, in one of the earliest events during the establishment of asymmetry [48, 72] . (3) Phosphorylated derivatives of the phospholipid phosphatidylinositol or phosphoinositides: as membrane-localized signaling molecules which interact with the actin cytoskeleton [73, 74] , PIP3, a member of this family, has been shown to promote neuronal polarization [75, 76] and the formation of axonal filopodia [77] .
We propose that one of the above-mentioned cues, or at least one with such a function, signals the change of state from a thick and evenly-distributed actin cortex in stage 1a to one or two large aggregations in stage 1b. Although both stages 1a and 1b are rich in F-actin, actin dynamics is required for the transition, a process completely blocked by jasplakinolide. Actin dynamics is further required for neurite outgrowth and the transition from stage 1b to 2.
How does the accumulation of F-actin lead to neurite initiation? It has been proposed that microtubule-associated proteins that can also interact with actin, such as MAP2c, promote neurite extension by facilitating microtubule assembly and extension at the sites of actin aggregates [34, 38, 39, 41, 47, 78, 79] . Similar effects have also been reported for the F-actin-associated protein drebrin, which has recently been shown to bind to the microtubule plusend protein EB3 and also promote neuritogenesis [80] . Related to the above molecular mechanisms, the radial actin bundles assembled at the sites of actin aggregates in stage 1b are also likely to be structurally permissive for microtubule assembly and extension [41, 47] .
The process underlying the formation of actin aggregates and subsequent filopodial extension is also shared with non-neuronal cells, which can extend actin-rich filopodia and short protrusions as sensors and leading processes during motility and chemotaxis [31, 33, 64] . In terms of molecular mechanisms, eukaryotic chemotaxis requires actin remodeling via actin-associated proteins to form actin aggregates or clusters, followed by short protrusions, in a process very similar to neuritogenesis [66] [67] [68] . Why then do non-neuronal cells not extend neurites? We speculate that this is likely due to the lack of high levels of microtubule-associated proteins, such as MAP2c. Previous work has shown that over-expression of MAP2c in neuroblastoma cell lines induce neurite formation [34, 38] , demonstrating that MAP2c, or proteins with similar functions, are capable of converting filopodia in non-neuronal cells into neurite-like processes. Thus, although neurons are highly specialized cell types with distinct morphologies and functions, they share many of their basic cell biological mechanisms, including the formation of actin aggregates and the extension of cellular processes, with other cell types.
b Fig. 7 Cortical actin reorganization also occurs before neurite initiation in vivo. A, B Representative images of rat cerebral cortex (A) and hippocampus (B) at E18.5. Neurons were electroporated in utero with tdTomato (red) and GFP-actinin (green). DG, dentate gyrus; scale bar, 100 lm. (a1, b1, a2, b2) Representative images of neurons in the VZ (a1, b1), CP (a2), and SP (b2). Scale bar, 10 lm. C, D Quantification of developmental stages (C) and neurite number (D) of neurons in (A, B) . In (C), VZ neurons were at earlier stages than in the CP and SP (VZ vs CP: stage 1a **, stage 1b *, stage 2 ***; VZ vs SP: stage 1a n.s., stage 1b n.s., stage 2 ***; n = 14-20 neurons per condition; ***P \ 0.001, unpaired two-tailed t test). E, F Quantification of GFP-actinin intensity in neurons, normalized to that of tdTomato, in the cerebral cortex (E) and hippocampus (F). n = 10-20 neurons per condition. G Representative image of the rat cerebral cortex at E18.5, electroporated with Lifeact-RFP (red) and GFP (green). Scale bar, 100 lm. (g1, g2) Representative images of neurons in the VZ (g1) and CP (g2). Scale bar, 10 lm. The rightmost panels in (g1) and (g2) are magnified and 3D-rendered views of the example neurons marked by arrows. H, I Quantification of developmental stages (H) and neurite number (I) of neurons in (G). H VZ neurons were at earlier stages than in the CP (stage 1a n.s., stage 1b ***, stage 2 ***). n = 16 neurons for VZ and 23 for CP. D, I ***P \ 0.001, unpaired two-tailed t test.
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